We introduce an implementation of magnetophoresis to measure the absolute magnetization of ferromagnetic nanorods dispersed in fluids, by analyzing the velocity of single nanorods under an applied magnetic field gradient. A microfluidic guideway prevents aggregation of nanorods, isolates them, and confines their motion for analysis. We use a three-dimensional imaging system to precisely track nanorod velocity and particle-surface proximity. We test the effect of the guideway on nanorod velocity under field gradient application, finding that it guides magnetophoresis, but imposes insignificant drag beyond that of a planar surface. This result provides insight into the transport of magnetic nanorods at microstructured interfaces and allows the use of an analytical model to accurately determine the reacted viscous drag in the force balance needed for quantitative magnetometry. We also estimate the confining potential of the guideway with Brownian motion measurements and Boltzmann statistics. We use our technique to measure the magnetization of ferromagnetic nanorods with a noise floor of 8. . Our technique is quantitative, rapid, and scalable for determining the absolute magnetization of ferromagnetic nanoparticles with high throughput. Ferromagnetic nanoparticles are increasingly important in medicine, [1] [2] [3] biology, [4] [5] [6] and physics. [7] [8] [9] Magnetization is an essential characteristic of ferromagnetic nanoparticles, determining critical behavior such as magnetic force and heating power. However, existing measurement methods cannot readily quantify the magnetization of ferromagnetic nanoparticles. Commercial bulk and thin film methods, 10 such as vibrating sample magnetometry (VSM), superconducting quantum interference device (SQUID) magnetometry, and alternating gradient magnetometry (AGM), have allowed rapid characterization of ensembles of nanoparticles with new compositions, but are not optimized for singleparticle measurements, due to the size disparity between transducing elements and nanoscale particles. More importantly, these bulk techniques cannot determine the amount of sample being measured, 11 reducing the accuracy of an absolute magnetization measurement. Nanoscale methods with smaller transducers, such as single-particle magnetoresistance, 12, 13 scanning probe magnetometry, [14] [15] [16] cantilever magnetometry, 17 and micro-SQUID magnetometry, 18 can resolve single particles, but do not typically provide quantitative magnetization information, have limited throughput, and are not readily applicable to measurements in the fluids in which nanoparticles are frequently used.
One technique circumventing these limits, analytical magnetophoresis, [19] [20] [21] is based on measuring the transport of small magnetic particles dispersed in a fluid with application of a magnetic field gradient. Magnetophoresis eliminates the size disparity between transducer and particle, as the particle itself is the transducer; its magnetic moment being determined by a balance of magnetic force and viscous drag. At low Reynolds number, the velocity v of a particle is directly proportional to the sum of applied forces Rf: v ¼ a Rf. The hydrodynamic mobility a is known for various particle shapes, 22 allowing quantitative determination of the reacted magnetic force. Furthermore, a monotonically decreases with decreasing particle size, providing some natural tuning of measurement sensitivity. The increasing thermal motion of smaller particles limits this tuning, requiring temporal averaging to precisely measure speed. 23 Analytical magnetophoresis is not immediately applicable to ferromagnetic nanoparticles, however, due to the need to prevent aggregation of particles larger than a critical size during measurement. 23 Preventing aggregation through a low concentration of particles reduces measurement statistics and throughput, 24 while measuring single particles at higher concentrations, before aggregation, limits temporal averaging and precision. a)
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The interest in optimizing the magnetization of ferromagnetic nanoparticles [25] [26] [27] and the difficulty in deducing this characteristic motivate a new implementation of analytical magnetophoresis. Such an implementation must isolate single ferromagnetic nanoparticles, control and measure their magnetophoretic motion, and maintain the capability of analysis with high throughput.
Here, we combine a microfluidic guideway ( Fig. 1(a) ) and magnetic field gradients to isolate single ferromagnetic nanorods, which have distinct magnetic and hydrodynamic properties from spherical particles, [28] [29] [30] for magnetophoretic measurement. The guideway is a trench with a microscale width and nanoscale depth, which limits particle motion across its width in the 6y direction and through its depth in the Àz direction. One end of the guideway widens linearly in a funnel structure for loading nanoparticles, shown schematically in Fig. 1 (a) at x < 0 and in optical micrographs ( Fig.  1(b) ) as a white triangular area. We load a single nanorod in the guideway (Fig. 1(c) ) and isolate the nanorod by applying a small magnetic force in the y direction F y to transport other nanorods away from the guideway. We additionally apply a small magnetic force F z to prevent the nanorod from diffusing out of the guideway. This microfluidic-magnetic confinement permits nanorod transport by a large magnetic field gradient applied in the 6x direction F x for measurement. We use an optical microscope to track the magnetophoresis of single nanorods in three dimensions, measuring velocity and surface proximity. We demonstrate the confinement of nanorods without dissipative forces beyond those imposed by a proximate planar surface. This useful result allows the application of an analytical model for the viscous drag of a nanorod with a proximate surface to accurately determine the reacted force. Our measurements are scalable to the characterization of single nanoparticles with high throughput and provide insight into guiding the magnetic transport of anisotropic nanoparticles using microstructured interfaces.
II. EXPERIMENTAL MATERIALS AND METHODS
The guideway has a width of 1.5 lm and a depth of 0.25 lm, which we fabricate using photolithography and ion milling of a SiO 2 film sputtered over a microfabricated gold wire. This wire, with edges visible as dark horizontal stripes at x > 15 lm in Fig. 1(b) , enables application of on-chip magnetic fields; however, we do not use it here. We then deposit another SiO 2 film with a thickness of 20 nm using atomic layer deposition to smooth rough edges generated by the ion milling process.
We fabricate the sample ferromagnetic nanorods, which we have investigated before, 31 using a template-guided electrodeposition process. After deposition and release from the template, scanning electron microscopy (SEM) shows that the rods are regular cylinders with lengths 2a of 3.9 lm 6 0.3 lm (average 6 standard deviation) and diameters 2b of 230 nm 6 40 nm (average 6 standard deviation) (Fig. 2) . Electron dispersive spectroscopy gives the composition of the nanorods as an alloy of 90% Ni and 10% Fe. We disperse the nanorods in deionized water and add a casein blocking solution at a volume fraction of %0.15% to reduce nonspecific binding of nanorods to the guideway. A microfluidic guideway, shown in cyan, confines a ferromagnetic nanorod, shown in orange, across the width 6y and through the depth Àz of the guideway. A large alternating magnetic force in the 6x direction F x transports the nanorod along the length of the guideway. A small magnetic force in the Àz direction F z traps the nanorod in the guideway, and a small magnetic force in the y direction F y isolates the nanorod from others in the reservoir. At x < 0 lm, the guideway widens into a funnel for loading of nanorods into the guideway. (b) Optical micrograph showing a nanorod, which appears as a dark spot, confined to the guideway, which appears as a horizontal white stripe along the center of the image. The loading funnel appears as a white triangular shape at x < 0. The two dark horizontal stripes at x > 15 lm are the edges of a gold wire under the guideway. The area illustrated in (a) is boxed. (c) Two-dimensional tracking data showing the process of loading a nanorod into the guideway. The walls of the funnel direct the nanorod to the guideway, which isolates the nanorod from imperfectly aligned fields, other nanorods, and fluid flows, and guides the magnetophoretic transport of the nanorod. The data point corresponding to (b) is highlighted in orange. Uncertainties in this plot are smaller than the data markers. To transport the nanorods, we apply field gradients in the x direction with a pair of electromagnet coils in the antiHelmholtz configuration. The coils surround iron cores in close proximity to the guideway. We drive one coil with a constant negative offset current, ÀI OFF , and the other coil with a 1 Hz square wave with a positive offset þI OFF , producing an alternating field and an approximately constant field gradient over the length of the guideway. To provide the small force F y , we physically offset the anti-Helmholtz coils by several hundred micrometers in the y direction from y ¼ 0. This arrangement allows continual measurement of a single nanorod under field gradients of <30 TÁm
À1
. We mount a smaller electromagnet on an x-y-z translation stage underneath the reservoir with its axis in the z direction for collection of nanorods from solution and tuning of F z . This electromagnet has a sharp iron pole for concentration of magnetic flux.
We track the motion of nanorods using a brightfield optical microscope with a magnification of 20Â and a numerical aperture of 0.42, allowing measurement of nanorod displacements greater than 300 lm in the image plane. We record data with a digital charge coupled device (CCD) camera with an image pixel size of 400 nm and a frame rate of 400 frames per second.
We track the in-plane position (x, y) of the nanorod and speed in the x direction v x using particle localization and frame cross-correlation (Fig. 3) . We first create a series of background images from a representative subset of frames with the nanorod digitally removed, which are not shown here. Subtraction of each raw frame ( Fig. 3(a) ) from the background image that it is temporally closest to yields highcontrast images where the nanorod is the darkest and largest feature ( Fig. 3(b) ), which we use for subsequent tracking. We threshold the subtracted images (Fig. 3(c) ) and take the centroid of the remaining feature as the approximate position of the nanorod. We crop two subsequent subtracted, but not thresholded, images to smaller regions of interest centered on the approximate nanorod position. Figs. 3(d) and 3(e) show sample regions of interest.
To precisely localize a nanorod, we fit each region of interest to a two-dimensional function composed of four offset error functions, modeling the image of a nanorod, which is smaller than the diffraction limit in the minor dimension and larger than the diffraction limit in the major dimension. Representative standard uncertainties determined from these fits are %200 nm in the x direction and %100 nm in the y direction.
To measure nanorod speed v x , we apply a twodimensional cross-correlation function to sequential pairs of frames, using the prior knowledge that the image of the nanorod is similar in each pair of frames. The crosscorrelation result is maximized where the x and y offsets make the images most similar. Therefore, the x and y offset positions of the peak in the cross-correlation result (Fig. 3(f) ) correspond to the nanorod displacements Dx and Dy between frame pairs (Figs. 3(d) and 3(e)). The width of the major axis of the cross-correlation peak gives the projected nanorod length 2a proj . We find that the cross-correlation peak is approximately Gaussian, has a large variance in x and a small variance in y, and has an offset from x ¼ 0. A twodimensional Gaussian fit to the cross-correlation result gives the values of these parameters, with uncertainty determined by inputting the noise in the background of the subtracted frames into the fit. The measured standard uncertainties of Dx computed in this way are %120 nm. Multiplication of this value by the camera frame rate of 400 frames per second gives a standard uncertainty in v x of %50 lmÁs À1 per frame pair. The measurement of 2a proj confirms that the nanorod is oriented parallel to the applied field gradient, but, due to pixel saturation near the nanorod edge, underestimates the nanorod length when compared with SEM results (Fig. 2) .
We determine the position of the nanorod above the guideway floor (z) with scanning through focus depth analysis (Fig. 4) , 32 which can determine the z position of an experimental object based on the measured relation between the image of a similar reference object and its known z position. We determine such a relation for the nanorod by scanning a reference nanorod in the z direction in 100 nm increments with a nanopositioner, taking reference images (Figs.  4(a)-4(c) ) at each height. We then reduce the reference images to line slices in the y direction, which are outlined in black in Fig. 4(b) . A composite image formed of a stack of these line slices (Fig. 4(d) ) shows the influence of z position on the image of a nanorod. We perform a similar analysis on the guideway (Figs. 4(e)-4(h) ). We take the z position that minimizes the root mean squared (RMS) error between the experimental and reference data (Fig. 4(i) ) as the z position of the object. We detect the minimum of the RMS error of the substrate (Fig. 4(i) , cyan markers) by fitting to a quadratic function weighed to be sensitive only near the minimum. Since the RMS error data for the nanorod (Fig. 4(i) , orange markers) has a more complex, non-quadratic minimum, we determine its minimum by fitting it to an empirically derived, sixth-order polynomial model of the RMS error built up from the nanorod reference data. Because the 
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z-axis symmetry of the imaging system is not strongly broken, this analysis returns physical values of nanorod heights over the guideway surface for half of the measurements and unphysical values of nanorod heights under the guideway surface for the other half. We can improve this measurement in the future by using a three-dimensional tracking instrument customized for this combination of nanorods and devices. Through focus depth analysis is sufficient for our current purposes, however, considering our prior knowledge of the true relation of the nanorod over, and not under, the guideway surface. The standard uncertainty in z derived from the curve fit of %500 nm does not contribute significantly to the uncertainty of the final magnetization measurement, for the nanorods and surface proximities in our experiment.
III. EXPERIMENTAL PROCEDURE
To perform analytical magnetophoresis, we sonicate the experimental solution and pipette it into a reservoir on the SiO 2 film. We gather nanorods from free solution to the guideway using the z-axis electromagnet driven with a %30 Hz triangle waveform, which disperses aggregates of nanorods and prevents nanorods from sticking to the reservoir. The strong magnetic field gradient near the pole tip attracts many nanorods. However, the nanorods maintain a separation distance of tens of micrometers, evidently due to repulsive hydrodynamic interactions from their rotation. We position a single nanorod in the loading funnel of the guideway by moving the z-axis electromagnet and then turn off the z-axis electromagnet and turn on the x-axis gradient coils. We increase the amplitude of the alternating gradient in the x direction, which moves the nanorod back and forth in the loading funnel. The walls of the loading funnel direct the nanorod to the guideway even under imperfect y alignment ( Fig. 1(c) ), demonstrating the guidance functionality of the microstructure. We control the x position of the nanorod by trimming the relative currents in the two anti-Helmholtz coils and the z position of the nanorod by adjusting the z position of the iron pole underneath the reservoir.
The guideway confines the motion of a nanorod through electrostatic, [33] [34] [35] hydrodynamic, 22, 29 and steric [36] [37] [38] interactions. Since the steric and hydrodynamic interactions may potentially impose dissipative forces on the nanorod, we perform several experiments to determine the influence of confinement on the transport of nanorods. In particular, we quantify the influence of the guideway on magnetophoretic velocity.
We first characterize any drag that the sidewalls of the guideway impose on a nanorod by magnetically transporting the nanorod back and forth, such that the nanorod is alternately confined by the guideway, and unconfined over the planar surface of the loading funnel ( Fig. 5(a) ). We perform this test under conditions consistent with the subsequent magnetophoretic measurements. Over many such cycles, the nanorod speed v x (Fig. 5(b) , gray trace) retraces forward and return paths, connected by nearly vertical lines representing reversal points for each cycle. Despite transient fluctuations in v x during confined transport, the average v x , shown in Fig. 5 as black lines, with confinement (x > 15 lm) and without confinement (x < À15 lm) is the same within one standard uncertainty (Fig. 5(b) ). Here, we measure v x far enough from the terminus of the guideway to avoid biases in our velocity measurement at jxj < 15 lm. Thus, while guiding the transport of a nanorod, the guideway imposes insignificant drag on the nanorod beyond that of a planar surface. The next experiments elucidate this useful result. We further characterize the motion of a nanorod confined by the guideway. After isolating a nanorod in the guideway, we turn off F x and track the motion of the nanorod in three dimensions with only a small F z applied (Fig. 6) . The nanorods show stochastic diffusion characteristic of Brownian motion, as well as a small drift in the Àx direction (Fig. 6(a) ), likely due to a residual stray field gradient within the experimental apparatus. However, the average v x under these conditions is only about 0.5% of typical magnetophoretic v x . This constant offset is small compared to other uncertainties in the measurement. In contrast, the guideway confines the nanorods in the y and z directions (Figs. 6(b) and 6(c)) .
Scatter plots and analysis of nanorod z position versus y position (Fig. 7) clarify the confining functionality of the guideway. The color scheme for Figs. 7(a)-7(c) is the same as Fig. 6 , and these plots show that nanorods closer to the guideway surface at z ¼ 0 lm (Figs. 7(b) and 7(c) ) are more tightly confined in the y direction. Boltzmann statistics show that the confining potentials in the y direction are approximately parabolic, with a spring constant on the order of 10 fNÁm À1 to 100 fNÁm À1 . Both the shape and magnitude of this confining potential are comparable to previous reports of fluidic and electrostatic confinement of metallic nanoparticles in aqueous solution. 33, 34 Having quantified the influence of the guideway on magnetophoretic velocity and confinement, we apply F x for magnetization measurements. We tune the height of the nanorod above the guideway by withdrawing the iron pole in the z-axis magnet such that the guideway exerts a force that minimally confines the nanorod against F y , which remains for nanorod isolation. Nanorods translate at z positions ranging from 1.1 lm to 1.7 lm (Figs. 7(d)-7(f) ), which are consistent with a balance of a small magnetic force opposing an electrostatic force with a screening distance of <1 lm. 39 The position distributions in the y direction broaden relative to those corresponding to free diffusion (Figs. 7(a)-7(c) ), indicating that a small misalignment of the field gradient and the guideway axis forces the nanorod against the confining potential. The measured height above the guideway floor clarifies the results shown in Fig. 5(b) . During magnetophoresis, the nanorod is far enough above the sidewalls of the guideway that the overall influence of the guideway on v x is approximately that of a nearby surface.
IV. MEASUREMENT RESULTS AND UNCERTAINTY CHARACTERIZATION
In response to the applied field gradient, which alternates in the reference frame of the nanorod, v x (Fig. 8) is approximately a square wave in time (supplementary video). 40 Fig . 8 shows v x traces with variation in amplitude, as we discuss below. Since the gradient is nearly constant over the length of the guideway, we expect a constant v x if the nanorod is moving without changing orientation or magnetization, and we take the average amplitude of the square wave as indicative of the saturation magnetization of the nanorod. There are several sources of uncertainty in our v x measurement, including the thermal motion and magnetic drift of the nanorod, as well as systematic variation in magnetophoretic velocity. We report the resulting uncertainty in terms of total magnetic moment, with units of AÁm . We determine the magnetization of the nanorods by balancing F x against the viscous drag on a cylinder near a proximate surface, with its long axis oriented by the applied magnetic field gradient in the direction of transport
In Eq. (1), l 0 is the permeability of free space, M is the magnetization of the nanorod, B is the applied magnetic field, F=F 1 is the fractional increase in viscous drag of the nanorod due to the proximate guideway surface, g is the dynamic viscosity of the fluid, 2a and b are, respectively, the length and radius of the nanorod, and v x is the measured speed of the nanorod in the x direction. We measure @B=@x with a Hall probe mounted to a micropositioning stage after each measurement, determining that this quantity is uniform with negligible uncertainty over a length of %2 mm. This region of uniform @B=@x is much larger than the typical displacements of nanorods, as well as the critical dimension of the Hall probe. This justifies our assumption that our field measurements accurately reflect the field gradients that we apply. We calculate F=F 1 for nanoparticles of three relevant shapes 22, 29, 41 at low Reynolds number (Fig. 9 ). Fig. 9 shows calculation results for a sphere, 22 for a shish-kebab made of ten aligned spheres, 41 for prolate spheroids 29 that are large enough to enclose our sample nanorods, and for prolate spheroids that are small enough to be enclosed by our sample nanorods. The results for the prolate spheroids are an extrapolation from the cited reference to dimensions relevant to our samples. These results show a strong influence of particle aspect ratio, which is the particle half-length a divided by the particle radius b, on F=F 1 . The Power-Hill theorem, 42 considering the symmetry of the nanorod and prolate ellipsoids across the same threeorthogonal planes, states that the drag on our sample nanorods is bounded by the drag on the enclosed and enclosing prolate spheroids. Therefore, for our typical average values of height over the guideway surface z from 1.1 lm to 1.7 lm, we obtain F=F 1 values between 1.015 and 1.025. This fractional increase in viscous drag would be much larger for a spherical nanoparticle in submicrometer proximity to a surface, for example, indicating the importance of this effect for other relevant nanoparticle shapes. For this reason, we expect our technique to be most accurate for rodlike particles with high aspect ratios.
We obtain ensemble averages and standard deviations of 2a and b from SEM analysis, and we assume that g is that of pure water 35 at the ambient experimental temperature of 23 C, which is 9.3 Â 10 À4 PaÁs. We use these parameters and the data from the nine nanorods in Fig. 8 to calculate M ¼ (6.7 6 0.9) Â 10 5 AÁm
À1
(average 6 standard uncertainty, N ¼ 9), which is in good agreement with the value of 6.56 Â 10 5 AÁm À1 determined by saturation magnetization parameters taken from the literature 43 and compositions determined by energy dispersion spectroscopy. The relative standard deviation in b of approximately 20% for our particular sample dominates our measurement uncertainty. This polydispersity also complicates ensemble analysis of nanoparticle magnetization. Here, a partial cancellation of nanorod dimensions in Eq. (1) mitigates this issue. It may be possible in future measurements to estimate the hydrodynamic size of an individual nanoparticle from its diffusion and further reduce this uncertainty to more precisely characterize sample heterogeneity.
V. CONCLUSION
We have introduced a method of analytical magnetophoresis, combining a microfluidic guideway and magnetic forces to isolate single ferromagnetic nanorods, and tracking particle velocity and surface proximity in three dimensions. The guideway is a simple microstructure that applies selective forces to isolate nanoparticles for magnetophoretic analysis, without imposing additional drag forces beyond that of a planar surface. Our investigation of the guideway function provides insight into magnetic transport of anisotropic nanoparticles near microstructured surfaces for future microfluidic and nanofluidic applications. 23, 44, 45 Our measurement method is ideally suited for absolute magnetization measurements of nanoparticles with new composition 46 at room temperature such as electrodeposited ferromagnetic compounds of uncertain density. The method is quantitative, rapid, and scalable through the parallel implementation of microfluidic devices and optical imaging. For these reasons, we anticipate its broad impact in high-throughput characterization of ferromagnetic nanoparticles.
